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Non-Franck-Condon electron-impact dissociative-excitation cross sections of molecular hydroge
producing H„1s…1H„2l … through X 1Sg

1
„v50…˜ˆB 1Su

1 , B8 1Su
1 , C 1Pu‰

Itamar Borges, Jr.,1 Ginette Jalbert,1 and Carlos Eduardo Bielschowsky2

1Instituto de Fı´sica, Departamento de Fı´sica Nuclear, Universidade Federal do Rio de Janeiro, Cidade Universita´ria, CT Bloco A, Caixa
Postal 68528, Rio de Janeiro, 21945-970, Rio de Janeiro, Brazil

2Instituto de Quı´mica, Departamento de Fı´sico-Quı´mica, Universidade Federal do Rio de Janeiro, Cidade Universita´ria,
CT Bloco A, Rio de Janeiro, 21949-900, Rio de Janeiro, Brazil

~Received 21 August 1997!

Dissociation cross sections of H2 for high-energy electron impact~100–1000 eV! producingH(1s), H(2s),
andH(2p) for excitation from the ground vibrational state (v50) to the continuum of theB 1Su

1 , B8 1Su
1,

and C 1Pu states were computed in the first Born approximation. Configuration-interaction electronic wave
functions were used and vibrational degrees of freedom taken in account. The dissociative excitation cross
sections as a function of the continuum energy for each final state were presented, and the accuracy of the wave
function, including the importance of relaxation effects and the validity of the Franck-Condon approximation,
is analyzed in comparison to available previous theoretical results. The computed dissociation cross sections
were compared to experimental results making use of the separation of the various breakup channels proposed
by Ajello, Shemansky, and James@Astrophys. J.371, 422 ~1991!#. The obtained cross sections to produce
H(2p)1H(1s) fragments via dissociative excitation to theB andC states have agreed well with the decom-
posed experimental results within the error bars. The dissociation cross sections to produce H(2s)1H(1s)
through theB8 state were in most cases somewhat larger than the reported experimental error bars. In the most
favorable case our theoreticalB8 dissociation cross section was 3.1% within the reported error bar at 300 eV
electron impact energy. A possible experimental reason for this discrepancy was raised.
@S1050-2947~98!01502-9#
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I. INTRODUCTION

Investigations of collision processes involving atoms a
molecules with electrons, atoms, and molecules are still
ing performed extensively both experimentally and theor
cally. Among the recent interests, it is worth mentioni
high-energy molecular destruction of simple diatomic m
ecules H2, H2

1, HeH1 interacting with noble gases over
wide range of energy@1#, electron-@2–4#, and photon-@5#
impact dissociation cross sections.

Collision processes involving electron impact on hyd
gen molecules are of most fundamental relevance in
study of electron-molecule collisions. A compilation of the
cross sections for various collision channels can be foun
Tawara et al. @2#. Accurate knowledge of electron-impa
dissociation cross sections is important for modeling of pl
mas, interstellar matter, correct estimation of predissocia
yields, etc. Experimental measurements of dissociation c
sections are done indirectly by detecting radiation emitted
the excited atomic fragments, making them very difficult
perform @3,6,7#. As the estimation of each channel involve
in the experimental determination of the breaking of an m
ecule depends on available theoretical cross sections,ab ini-
tio theoretical methods are claimed@3# in the interpretation
and analysis of the experimental data.

As part of an ongoing project of calculation of high
energy electron-impact dissociative cross sections of
atomic molecules we report data for H2. Despite being the
simplest dissociation process, only a few theoretical calc
tions of high-energy electron-impact dissociative-excitat
571050-2947/98/57~2!/1025~8!/$15.00
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cross sections from the ground stateX 1Sg
1(v50) for H2

@4,8–11# have been done. Among them, there are calcu
tions for transitions to theB8 1Su

1 state@4,8–10# and to the
B 1Su

1 and C 1Pu states@11#. The work of Leeet al. @9#
uses the distorted-wave approximation and involved imp
energies only up to 100 eV, Chunget al. @8# consider ener-
gies up to 1000 eV in the Born and Born-Ochkur theori
calculations of Celibertoet al. @11# cover a limited range of
electron-impact energies~up to 250 eV! in the framework of
parameter impact theory, and Liu and Hagstrom@4# use the
Bethe approximation valid only at very high projectile ene
gies. All these calculations assume a frozen-core descript
i.e., the same set of molecular orbitals is utilized to descr
both the ground and excited states.

Here we reportab initio adiabatic theoretical calculation
of cross sections of electron-impact dissociative-excitat
cross sections for producing H(1s)1H(2s) through the
X 1Sg

1(v50)→B8 1Su
1 transition and producing H(1s)

1H(2p) through theX 1Sg
1(v50)→$B 1Su

1 ,C 1Pu% tran-
sitions in the framework of the first Born approximation. W
also present the dissociation cross sections as a functio
the continuum energy. The methodology used here is an
tension of the one already developed for inner-sh
@12,13,15# and valence electronic excitation process
@14,16#, and goes further as it describes dissociation, incl
ing the vibrational degrees of freedom. We have used c
figuration interaction~CI! for the target electronic wave
functions, which takes into account both correlation and
laxation effects. In particular, we have investigated rela
ation effects in the dipole transition moment. The validity
1025 © 1998 The American Physical Society
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1026 57BORGES, JALBERT, AND BIELSCHOWSKY
the Franck-Condon approximation has also been inve
gated. The calculated cross sections are compared to p
ous theoretical@4,8–11# values and to the available exper
ments @3,6,7#. For the latter the separation of the vario
breakup channels proposed by Ajello, Shemansky,
James is used@3#.

II. THEORETICAL BACKGROUND

A. Dissociation cross section in the first Born approximation

We are concerned with the process where a hydro
molecule, when excited by electron impact to the vibratio
continuum levels of a bound state, dissociates in a grou
state atom H(1s) and an excited one@H(2s) or H(2p)].
Concerning these fragments, two distinct groups of ene
distributions are formed on dissociative excitation of H2: the
‘‘fast’’ and ‘‘slow’’ groups @3#. The slow H(2s) atoms arise
from a transition to singly excited states above the H(1s)
1H(2s) dissociation limit and likewise for the H(2p) at-
oms. Of all possible singly excited molecular states, we
interested in theB 1Su

1 and C 1Pu states, producing adia
batically H(2p), and B8 1Su

1 , producing adiabatically
H(2s). Contributions from double excited states, which p
duce fast fragments@3#, are not considered. Dissociation ca
also take place by excitation to a purely repulsive electro
state or through predissociation@17#; these processes are al
not considered here. The rotational motion of the molecul
taken into account by summing over the final rotation
states accessible energetically and by averaging the in
rotational states@18#. Atomic units are used throughout.

According to the Born-Oppenheimmer approximation,
may write the wave functions of the ground electron
vibrational ~00! state and of the final state (nW) as

C00~r1 ,r2 ,R!5c0~r1 ,r2 ,R!x00~R!, ~1!

CnW~r1 ,r2 ,R!5cn~r1 ,r2 ,R!xnW~R!, ~2!

where r1 and r2 are the electron coordinates of H2, R the
internuclear distance,c0 and cn are the electronic wave
functions of the ground~0! and excited (n) states,x00(R) is
the discrete (v50) vibrational function of the ground state
andxnW(R) is the unbound vibrational function of the fina
state defined by the corresponding energyW above the dis-
sociation limit (R→`) @8#. The electronic wave function
c0 andcn , constructed at the configuration-interaction lev
will be discussed in detail in the next section. The spin fu
tions are factored out in Eqs.~1! and ~2! since we do not
consider spin-orbit interactions.

The collision process is characterized by the wave vec
of the incident and scattered electron,k00 andknW , K being
the transferred momentumk002knW . We define the elec-
tronic transition amplitude in the first Born approximatio
@8,18,19# as

«0n~K,R,Q,F!5«0n~K,R,V!

52E cn* ~r1 ,r2 ,R!S (
i 51

N

eiK•r i D
3c0~r1 ,r2 ,R!dr1dr2 , ~3!
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whereQ and F ([V) specify the relative orientation be
tweenR andK ; N is the molecule electron number—equ
to 2 for molecular hydrogen. The electronic transition amp
tude«0n(K,R,V) was calculated in the internuclear distan
interval 1.0<R<2.4 a.u. in steps of 0.2 a.u. Similar to th
excitation of discrete vibrational levels@18,19#, the differen-
tial cross sections for excitation to a unit energy range ab
W above the dissociation limit of the final state are given
@8#

S ds

dvdWD
n

5
gn

4p

knW

k00

3E UE xnW* ~R!x00~R!«0n~K,R,V!dRU2

dV,

~4!

wheregn is the degeneracy of the final state~1 for S, 2 for
P), and v5(u, f) is the scattered angle of the projecti
electron, which is directly related to the transferred mom
tum K @dv52psinudu52pKdK/(k00knW)]. The integration
over V results from averaging over the orientation of t
molecular axis with respect toK, as mentioned before. Inte
gration of the differential cross section overK ~or v) from
Kmin (5k002knW) to Kmax (5k001knW) @18# gives the dif-
ferential dissociation cross sectionds/dW of excitation over
a unit range aboutW of the final state

S ds

dWD
n

5E ds

dvdW
dv. ~5!

It is important to emphasize that the greatest contribution
the dissociation cross sections comes from the small tra
ferred momenta@18#.

Finally, the total dissociation cross section through ex
tation to the continuum of an electronic state is

sn5E
0

`S ds

dWD
n

dW. ~6!

The upper limit (̀ ) is for all practical purposes take
whends/dW has decreased several orders of magnitude

Our calculations are not based on the Franck-Con
principle; however, it is interesting to check the validity
this approximation. Within this approximation, Eq.~4! is
simplified, eliminating theR dependence of«0n ,

S ds

dvdWD
n

.
gn

4p

knW

k00
qnWE u«0n~K,R0 ,V!u2dV, ~7!

TABLE I. Vertical transition energies. See text for discussion

DE ~eV!

Final states Present Theoretical@22,23# Experimentala

B 1Su
1 12.81 12.75 12.75

B8 1Su
1 14.83 14.85 14.85

C 1Pu 13.22 13.22 13.29

aCited by Sabin and Oddershed@26#.



e

ni
o

e
th

t

f

-
ea
gy
bl
ra
a

is-

ta-
ls.
sis
os

to
the
f
d

we
ns,

ure

al

bit-
ed

to
tive

Os
ate
I

the
nc-

the
ion

ns,
trix
en-

57 1027NON-FRANCK-CONDON ELECTRON-IMPACT . . .
where R0 is taken as the equilibrium bond length of th
ground state, equal to 1.4 a.u. for H2 , andqnW is the Franck-
Condon factor,

qnW5U E xnW* ~R!x00~R!dRU2

. ~8!

For the purpose of evaluating the quality of our electro
wave functions we define the electronic dipole transition m
ment in the length form@18# as

M0n~R!52E cn* ~r1 ,r2 ,R!S (
i 51

2

xi Dc0~r1 ,r2 ,R!dr1dr2 ,

~9!

wherexi is a component ofr i , the electron coordinate. Th
effect of the electron exchange was not considered in
computation of the dissociation cross sections once i
known to be unimportant@4,20# for high-energy electron-
impact energies, as was investigated by Chung and Lin
electron excitation ofB 1Su

1 of H 2 at 100 eV@20#.

B. Target wave functions

Discrete (v50) and continuum vibrational wave func
tions were obtained by integrating numerically the nucl
Schrödinger equation, according to Le Roy’s methodolo
@21#, from the most accurate potential curves availa
@22,23#. The purpose was to obtain the most accurate vib
tional wave functions. The Born-Oppenheimer energies
taken from Ref.@22# for the ground state (X) and from Ref.
@23# for the excited states (B,B8,C). We have also used Le
Roy’s program to perform theR integration of Eq.~4!.

TABLE II. Dipole transition moments—B 1Su
1 .

R ~a.u.! Present CI-R Wolniewicz@28#

1.0 0.7269 0.7650
1.2 0.8359 0.8708
1.4 0.9236 0.9821a

1.6 1.025 1.096
1.8 1.125 1.208
2.0 1.218 1.313
2.2 1.302 1.408
2.4 1.372 1.487

aCeliberto and Rescigno@31# report 0.9821 for this distance.
c
-

e
is
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r

e
-
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Electronic wave functions were obtained within the d
tance interval 1.0<R<2.4 a.u. ~steps of 0.2 a.u.! at the
configuration-interaction level with single and double exci
tions ~CI-SD! expanded on a basis of Gaussian-type orbita
After several tests we have chosen the ba
(12s,6p,3d)/@9s,6p,3d# suggested by Jaszunski and Ro
@24#.

Two different types of CI calculations were performed
obtain the electronic state wave functions. In the first one
frozen-core model was assumed~CI-FC!; i.e., the same set o
molecular orbitals~MOs!, occupied and virtual, describe
the ground and the excited states. In the second one
solved self-consistently for the excited-state wave functio
allowing all the molecular orbitals to fully relax~CI-R!. For
the latter case an implemented biorthogonalization proced
allows us to compute matrix elements«0n(K,R,V) @Eq. ~3!#
between the wave functions built up from nonorthogon
atomic or molecular orbitals@15#.

The MOs used for the CI relaxed~CI-R! calculations were
constructed from the Hartree-Fock occupied molecular or
als of the lowest symmetry and a virtual space of improv
virtual orbitals~IVOs! of Hunt and Goddard@25#. The full CI
space of 48 MOs~occupied plus virtual! was made of 10sg,
10su , 12pu, 12pg , and 4d MOs. For theX 1Sg

1 and
C 1Pu states the occupied and the virtual MOs utilized
generate the IVOs were constructed from the respec
Hartree-Fock molecular orbitals. For theB 1Su

1 andB8 1Su
1

states the occupied MOs and the virtual space with the IV
was constructed from the first Hartree-Fock excited-st
MOs of Su

1 symmetry, theB 1Su
1 state. Concerning the C

frozen core~CI-FC! calculation theX 1Sg
1 MOs and the cor-

responding IVO set were utilized both for the ground and
excited states. For the relaxed and frozen-core wave fu
tions all single and double excitations were allowed from
reference configurations, the single electronic configurat
of the lowest symmetry for each state.

III. CALCULATED RESULTS AND DISCUSSIONS

A. Wave functions and transition moments

The ground-state energy obtained~at the internuclear
equilibrium distanceR51.4 a.u.! was 1.171 368 a.u., which
can be compared to the 1.174 476 a.u. of Koloset al. @22#. A
measure on the balancing of the electronic wave functio
an important condition to compute accurate transition ma
elements, is to compare the theoretical vertical excitation
TABLE III. Dipole transition moments—B8 1Su
1 .

R ~a.u.! Present CI-R Wolniewicz@28# Liu and Hagstrom@4# Ford et al. @30#a

1.0 0.3262 0.3306
1.2 0.3584 0.3698
1.4 0.3886 0.3966 0.3976 0.3992
1.6 0.4148 0.4218
1.8 0.4352 0.4355 0.4334 0.4411
2.0 0.4478 0.4388 0.4365 0.4411
2.2 0.4503 0.4294 0.4269
2.4 0.4407

aDipole transition moments in the length form.
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1028 57BORGES, JALBERT, AND BIELSCHOWSKY
ergies with the experimental values. This is done at Tab
with our excitation energies obtained with the CI-R calcu
tion. We have verified that the CI-FC excitation energies
identical. The explanation for the latter in the molecular h
drogen is that the virtual space built from the ground-st
improved virtual orbitals is sufficient to account for rela
ation effects in the excitation energy of Rydberg and vale
states. Relaxation effects may also be indirectly recovere
CI calculations as already verified in the past for atoms@13#
and molecules@15,25#.

There is good overall agreement among our vertical e
tation energies, the accurate theoretical ones@22,23#, and the
experimental values cited in@26#. At the other distances in
the interval 1.0<R<2.4 a.u. the comparison of our excita
tion energies with the accurate theoretical values@22,23#
showed differences not greater than 0.03 eV for the th
states, except for the distances 2.2 and 2.4 a.u., well ou
the Franck-Condon region~interval ;1.2–1.8 a.u.!, where
the differences reached 0.3 eV for theB 1Su

1 .
Another way to investigate the quality of the electron

wave function is to compare our computed electronic dip
transition moment, in the length form, with available the
retical results for theB8 1Su

1 states@4,28,30# and forB 1Su
1

@27# and C 1Pu states@29#. These previous results, exce
the ones of Wolniewiczet al. @27–29#, were obtained in the
frozen-core approximation. The results of Wolniewiczet al.
are considered ‘‘exact.’’ In Tables II–IV we present o
CI-R dipole transition moments for the three states and
scarce available theoretical results. The CI-FC results are
presented as they are identical to the CI-R ones. This is
always true for other systems as was shown previously@12–
16#. Let us define an average percent difference as (MWol
2Mours)/@(MWol1Mours)/2#, from our electronic dipole
transition momentsMours to the ‘‘exact’’ results Mwol
@28,29#. Looking at Tables II–IV one sees a good agreem
between our dipole transition moments and the exact res
@27–29#, the worst results being theB 1Su

1 state, although
the average difference does not exceed 7.8% atR52.2 a.u.
As the correspondingB 1Su

1 dissociation cross section
~Table V! have the lower values when compared to t
C 1Pu results, the effect of this error on the comparison w
the experimental results is negligible. TheB8 1Su

1 and
C 1Pu states present better agreement than theB 1Su

1 state
when compared to the ‘‘exact’’ and other results.

A sample of the general behavior of electronic transit
amplitude in the first Born approximation as a function of t

TABLE IV. Dipole transition moments—C1Pu .

R ~a.u.! Present CI-R Wolniewicz@29#

1.0 0.6443 0.6460
1.2 0.6944 0.6961
1.4 0.7421 0.7433
1.6 0.7872 0.7871
1.8 0.8290 0.8272
2.0 0.8672 0.8634a

2.2 0.9012 0.8952
2.4 0.9308 0.9225

aCeliberto and Rescigno@31# report 0.8460 for this distance.
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internuclear distanceR (V and K fixed!, Eq. ~3!, may be
seen in Figs. 1~a!–1~c! for the three transitions. Within the
distance interval 1.0<R<2.4 a.u. the electronic transitio
amplitude is accurately described by a second-order poly
mial @32#.

B. Theoretical dissociation cross sections

The computed dissociation cross sections, together w
the available theoretical results, for each transition, are p
sented at Tables V–VII. Figures 2~a!–2~c! depict the cross
sections for the three dissociative transitions as a functio
the continuum energy for 1000 eV electron-impact ener
The behavior of dissociation cross sections, as a function
the continuum energy, is similar for all calculated electro
impact energies between 100 and 1000 eV.

Our calculations do not include the nonadiabatic~i.e.,
non-Born-Oppenheimer! interaction that couples theB and
B8 at large internuclear distances (;15a0) @33#. They must
be taken into account when the branching ratio of the p
duction of H(2p) to H(2s) fragments is evaluated. Nonadia
batic effects also cause oscillations on theB andB8 states’
photodissociation cross sections as a function of the c
tinuum energy as verified by Beswick and Glass-Mauje
@33#. On the other hand, the total photodissociation cr
section (B1B8 states! does not change significantly from
those calculated without including the nonadiabatic co
plings @33,34#, as they have been compared favorably w
experiments@35#. We expect the same behavior concerni
our electron dissociation cross sections and possible fu
electron-impact experiments involving H2.

Our dissociation cross sections as a function of the c
tinuum energy@Figs. 2~a!–2~c!# have similar threshold be
havior when compared to the adiabatic photodissocia
cross sections calculations of Glass-Maujean@35#. This is
due to the expected identical behavior~in the Franck-Condon
region! of the electronic transition amplitude at smallK
transferred momentum, Eq.~3!, and the dipole transition mo
ment, Eq.~9!, both quadratic as a function of the internucle
distance, and to the similar discrete and continuum vib
tional wave functions obtained from identical potentia
energy curves. In particular, the dissociation cross section
the C 1Pu state is negligible at threshold@Fig. 2~c!# and
increases, reaching a maximum for energies of about
cm21. The reason is that theC 1Pu state is known to presen
a potential hump@36# and the cross section peaks when t

TABLE V. Total dissociation cross sections for the transitio
X 1Sg

1→B 1Su
1 .

sdiss (10218 cm2)
Eimp ~eV! Present results

100 0.160
200 0.108
300 0.0843
400 0.0686
500 0.0591
800 0.0485
1000 0.0347
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TABLE VI. Total dissociation cross sections for the transitionX 1Sg
1→B 81Su

1 .

sdiss ~10218 cm2)
Eimp ~eV! Present Redmonet al.. @10# Liu and Hagstrom@4# Lee et al. @9# Chunget al. @8#

100 2.34 2.88 3.06 3.41 3.09
200 1.54 1.99 2.05 2.10
300 1.16 1.54 1.57
400 0.946 1.29
500 0.802 1.10 1.13
800 0.562 0.777
1000 0.473 0.655 0.674
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transferred energy by the projectile electron reaches
potential-energy maximum.

We have checked the validity of the Franck-Condon
proximation, Eq.~7!. All the corresponding cross section
were bigger than the ones not using the Franck-Condon
proximation, in accordance with previous theoretical resu
@10,11#. The ratio of the Franck-Condon cross sections, E
~7!, to the non-Franck-Condon cross sections, Eq.~4!, for the
transitions to theB 1Su

1 , B8 1Su
1 , andC 1Pu states were,

respectively, 1.741, 1.07, and 1.236. It is seen that
Franck-Condon approximation may be an unrealistic
proximation for the cross-section calculations, especially
the transition to theB 1Su

1 andC 1Pu states.
The theoretical total dissociation cross sections compu

@Eq. ~6!# for the transitionX 1Sg
1(v50)→B 1Su

1 are in
Table V. The other available theoretical cross sections w
estimated from Fig. 1 of Celibertoet al. @11#. Celiberto
et al.’s estimated dissociation cross sections w
0.16310218 and 0.11310218 cm2 at electron-impact ener
gies of 100 and 200 eV, respectively. Very good agreem
was thus obtained between our results and their imp
parameter calculations@11#, which uses its own compute
electronic dipole transition moment.

Concerning the transitionX 1Sg
1(v50)→C 1Pu , our

dissociation cross sections are shown in Table VII. Celibe
et al.’s @11# cross sections for the same transition were e
mated from their Fig. 2. The estimated dissociation cr
sections @11# were 0.46310218 cm2 ~100 eV! and
0.32310218 cm2 ~200 eV!, in very good agreement with ou
results, such as theX 1Sg

1(v50)→B 1Su
1 transition.

The theoretical total dissociation cross sections for
transition X 1Sg

1(v50)→B8 1Su
1 are in Table VI, where

TABLE VII. Total dissociation cross sections for the transitio
X 1Sg

1→C 1Pu .

sdiss (10218 cm2)
Eimp ~eV! Present results

100 0.466
200 0.317
300 0.245
400 0.201
500 0.171
800 0.121
1000 0.103
e
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s
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e
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e

other available theoretical results have been reported.
present results are lower than the other ones, and an ana
of this discrepancy follows.

The results of Redmonet al. @10# employ an impact-
parameter formulation, using the calculated electronic dip
transition moments of Fordet al. @30# and an approximate
potential curve for theB8 state @37#. Table VI shows an
average difference from our results ranging from 22%~100
eV! to 29% ~300 eV!. The difference does not seem to b
related to the different theoretical approximations, as
impact-parameter formulation was also used by Celibe
et al. @11# for the X 1Sg

1(v50)→B 1Su
1 and X 1Sg

1(v
50)→C 1Pu dissociation channels, and a very good agr
ment with our results was obtained, as discussed above.
discrepancy does not seem to be related to the dipole m
elements either as Table III shows an agreement between
dipole transition moments and the values used by Redm
et al. @10# ~from Ford et al. @30#!, in the worst case (R
51.2 a.u.! having an average difference from Fordet al.’s of
3.1%. It might be related to the vibrational wave functio
used in Redmonet al.’s @10# work, although Liu and Hag-
strom @4# checked that an error of only 8% may arise fro
computing dissociation cross sections for this transition
ing approximate vibrational wave functions from Spindle
@37# B8 experimental potential curve.

FIG. 1. General behavior of electronic transition amplitude
the first Born approximation as a function of the internuclear d
tanceR for K5 0.2 a.u. and fixedV5V0 @Eq. ~3!# for the ~a!
X 1Sg

1(v50)→B 1Su
1 , ~b! X 1Sg

1(v50)→B8 1Su
1 , and ~c!

X 1Sg
1→C1Pu transitions.
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The differences from the Liu and Hagstrom@4# results
range from 27%~100 eV! to 32% ~1000 eV!, although they
have obtained similar dipole transition moments~Table IV!
compared to the present results. Probably this differe
arises from the utilization of the Bethe approximation@38#,
which is a further approximation of the first Born approx
mation valid only at very high electron-impact energies.

Lee et al.’s @9# distorted-wave dissociation cross sectio
at 100 eV electron-impact energy has an average differe
of 37% from our result. The Born-Ockhur cross sections

FIG. 2. Dissociation cross sections as a function of the co
tinuum energyW @Eq. ~5!# for 1000 eV electron-impact energy fo
the ~a! X 1Sg

1(v50)→B 1Su
1, ~b! X 1Sg

1(v50)→B8 1Su
1 , and

~c! X 1Sg
1→C 1Pu transitions.
e

ce
f

Chunget al. @8# have an average difference from our resu
ranging from 28%~100 eV! to 35% ~1000 eV!. Both calcu-
lations use Hartree-Fock target electronic wave functions
Franck-Condon factors from Spindler@37#. To check for a
possible source of this difference, we have calculated
electronic dipole transition moment@Eq. ~9!# at R51.4 a.u.,
using Leeet al.’s @9# target wave functions. They have don
a Hartree-Fock calculation with improved virtual orbita
@25# to represent the excited state expanded on the Gaus
type basis set (10s,7p)/@7s,7p#. We have obtained for the
electronic dipole transition moment, using Leeet al.’s @9#
wave functions, the value 0.5152 a.u., to be compared w
our CI-R value of 0.3886 a.u. and the ‘‘exact’’ result@28# of
0.3996 a.u., as shown in Table III. The average differen
between our electronic dipole transition moment and the
obtained from Leeet al.’s @9# wave functions is 28%, and th
same trend is expected for the dissociation cross section
similar behavior is expected for the Born dissociation cro
sections of Chunget al. @8#, which also uses Hartree-Foc
wave functions but with a smaller Gaussian basis
(6s,4p). This seems to be the most important factor of t
higher cross sections obtained in these works, but the o
possible source of discrepancy with Leeet al. @9# may be the
approximate procedure~Spindler’s Franck-Condon factors!
in their treatment of the vibrational problem or the utilizatio
of the first Born approximation for 100 eV electron-impa
energy in our work.

C. Comparison with experiments

In order to compare our calculations with available e
perimental results, obtained by detection of the Lymana
2p→1s transition, we decomposed the available total dis
ciation cross-section measurements according to Ajelloet al.
@3#. They estimate from electron-impact experiments at 1
eV impact energy that production of H(2p) via direct disso-
ciation of theB1C states accounts for 8.09% of the tot
dissociation cross sections for producing H(2p). The pro-
duction of H(2s) via direct dissociation of theB8 state ac-
counts for 37.9% of the total dissociation cross sections
producing H(2s). The H(2s) fragments are measured b
detecting the Lyman-a from H(2p) obtained by electric field
quenching inducing the 2s→2p transition. In the following
analysis we have considered the decomposition also
higher impact energies, although cascade effects~negligible
at 100 eV@3#! and other effects may introduce some unc
tainty in this assumption. We cannot estimate the error in
duced by this assumption.

The earlier measurements of de Heer and collabora
@6,7# for Lyman-a production of H(2p) are too large by
31% due to a revaluation of Lyman-a emission by Ajello
and collaborators@39#. For this reason, the experimental tot
dissociation cross sections for production of H(2p) and
H(2s) of de Heer and collaborators@6,7# are accordingly
reduced by 31% in Figs. 3 and 4. We assume that the er
in the total cross-section measurements are the same in
decomposed cross sections, thus neglecting propagatio
errors in the separation of the dissociation channels.

Figure 3 shows our calculations and the experimental
sults, the latter decomposed according to Ajelloet al. @3#, for
production of H(2p) via direct dissociation of theB1C

-
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57 1031NON-FRANCK-CONDON ELECTRON-IMPACT . . .
states. The experimental data of Vroom and de Heer@6#,
besides the Lyman-a correction, are reported with 30% erro
bars, the Ajelloet al. have 17% errors bars, and Mohlman
et al. have 15%, as estimated from their earlier work@4,41#.
The results of Ajelloet al. @3# are smoothed by a semiempi
ical model @39,40#, which is an extension of the Fano plo
@18# to include effects besides the dipole approximation. O
results, the sum of dissociation cross sections for theB and
C states~Tables V and VII! for each electron-impact energy
are within experimental error bars. It is worth mentioning t
especially good agreement between our calculations and
perimental results at 800 and 1000 eV impact energies,
into the region of validity of the first Born approximation.

In Fig. 4 our results are depicted~Table VI! and the ex-
perimental results decomposed according to Ajelloet al. @3#
for production of H(2s) via direct dissociation of theB8
state. As the photodissociation experiments of Gla

FIG. 3. Our calculated dissociation cross sections@the sum of
the values for theB and C states~Tables V and VII! for each
electron-impact energy# and the experimental results, the latter d
composed according to Ajelloet al. @3# and corrected for Lyman-a
emission~see text!, for production of H(2p) via direct dissociation
of the B1C states.

FIG. 4. Our calculated dissociation cross sections and the
perimental results, the latter decomposed according to Ajelloet al.
@3# and corrected for Lyman-a emission~see text!, for production
of H(2s) via direct dissociation of theB8 state.
r

x-
ll

s-

Maujean et al. @34# and electron-impact experiments o
Ajello et al. have shown, the direct dissociation of theB8
state is not the major channel of production of H(2s) but
accounts only for 37.9% of the total cross section, and ot
processes take the remaining. Chung, Lin, and Lee@8# erro-
neously asserted that theB8 state would be the main chann
~over 95%! for producing H(2s) and Liu and Hagstrom@4#
took that for granted. Both assumed that their fair agreem
with experimental data confirmed that. Their theoretical d
sociation cross sections are overestimated in compar
with our results, as we have shown in the last section. T
decomposed experimental cross sections according to A
et al. @3# confirm this interpretation.

We see in Fig. 4 that our cross sections for direct dis
ciation via theB8 producing H(2s) are somewhat larger tha
the error bars. In the most favorable experiment@6#, the 300
eV impact energy dissociation cross section was 3.1% wit
the error bar. In the same experiment the other average
ferences were, above the top of the error bar, 6.9%~100 eV!,
7.7% ~200 eV!, 0.96%~400 eV!, 4.5%~500 eV!, 7.1%~800
eV!, and 4.3%~1000 eV!. Contrary to the production o
H(2p) fragments, the agreement is not as good as betw
our calculations and the decomposed experimental result
possible reason for that may be raised. Experimentally,
metastable H(2s) are made to radiate by application of a
electrostatic field across the observation region and mea
ing the increase in the Lyman-a radiation@6#. This method
of electric field quenching~Stark quenching! has been used
in all experiments cited here. However, Glass-Mauje
shows experimentally@5# that not all H(2s) produced are
allowed to emit Lyman-a by electric field quenching bu
may be destroyed by a nonradiative process forming H3

1

induced by residual H2 in the gas chamber, H(2s)
1H2→H3

11e2. This may cause a loss of H(2s) signal
produced through direct dissociation by theB8 and as a con-
sequence an underestimation of the experimental total di
ciation cross sections for producing H(2s). The degree of
underestimation cannot be calculated without a great un
tainty, as Glass-Maujean@5# reports.

Other reasons may exist for the discrepancy between
periment and theory for the production of H(2s) throughB8.
New experiments and decompositions of each of the poss
branches of production of H(2s) are thus urgently needed a
well other experiments studying the production of H~2p!.

IV. CONCLUSIONS

We have computed dissociation cross sections of H2 for
high-energy electron impact~100–1000 eV! producing
H(1s), H(2s), and H(2p) from the ground vibrational state
(v50) to the continuum of theB 1Su

1 , B8 1Su
1 , andC 1Pu

states in the first Born approximation. We have shown t
relaxation effects were not important for the calculation
the dissociation cross sections obtained with configurati
interaction electronic wave functions. The Franck-Cond
approximation was shown to overestimate the dissocia
cross sections, being an especially poor approximation
the dissociation via theB 1Su

1 andC 1Pu states.
The comparison to experimental results was done us

the suggested decomposition of the available total disso
tion cross sections measurements according to Ajelloet al.
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@3#. The agreement between the computed dissociation c
sections to produce H(2p) fragments, which is the sum o
the dissociation cross sections of theB 1Su

1 and C 1Pu

states and the decomposed experimental results, was
good. On the other hand, the computed cross section
produce H(2s) fragments, which are related to the dissoc
tion cross section of theB8 1Su

1 state, were in most case
somewhat larger than the reported experimental error bar
possible experimental reason for this discrepancy would
that some H(2s) fragments produced by dissociation mig
be destroyed by a nonradiative process forming H3

1 induced
by residual H2 in the gas chamber@5#. As a consequence a
underestimation of the experimental total dissociation cr
sections for producing H(2s) via B8 1Su

1 might occur.
nd
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The good agreement between our computed dissocia
cross sections and the decomposed experimental resu
very encouraging. We are now applying the methodolo
presented in this paper to other diatomic molecules. It wo
be very interesting to perform new experiments not just
the hydrogen molecule but for other diatomic molecules
well.
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